A NADH dehydrogenase was isolated from an inner membraneenriched fraction of beetroot mitochondria (Beta vulgaris L.) by solubilization with sodium deoxycholate and purified using gel filtration and affinity chromatography. The NADH dehydrogenase preparation contained a minor ATPase contamination. Beetroot mitochondria were chosen as the isolation material for purifying the enzymes responsible for oxidizing matrix NADH due to the absence of the extemally facing NADH dehydrogenase in the variety we have used. The purified NADH dehydrogenase complex catalyzed the reduction of various electron acceptors with NADH as the electron donor, was not sensitive to rotenone inhibition, and had a slow NADPH-ubiquinone 5 reductase activity. The isolated complex contained 14 major polypeptides. It was concluded that the dehydrogenase represented a form of the plant mitochondrial complex I and not the intemally facing rotenone-insensitive NADH dehydrogenase found in plant mitochondria because of its complex structure, its cross-reactivity with antisera raised against bovine heart mitochondrial complex 1, and the similarity of its kinetics and inhibitor responses to rotenonesensitive NADH oxidation by beetroot submitochondrial particles.
Isolated plant mitochondria can oxidize NADH via four distinct pathways, one associated with the outer membrane and three with the inner membrane. The inner membrane can oxidize exogenous NADH via a dehydrogenase located on its outer surface, whereas endogenous NADH can be oxidized via two pathways, one of which is insensitive to the complex I inhibitor, rotenone (23) . However (24) , but we had recently proposed that there may be only one dehydrogenase with two different routes of electron flow through complex I (28) , which could give rise to the apparent different Km values.
The multiplicity of pathways of NADH oxidation in plant ' The support ofthe Australian Research Council, and a Commonwealth Postgraduate Award (K.L.S.), are gratefully acknowledged. mitochondria has made the purification and identification of the individual enzymes difficult. Efforts have been made to purify the externally facing NADH dehydrogenase from material containing high levels of activity, where the outer membrane had been removed either by sonication or osmotic shock (6, 8) . However, there have been no reports on the purification of the dehydrogenase(s) responsible for the oxidation of NADH generated within the matrix. Recently, immuno-cross-reactivity studies with bovine heart complex I antisera and solubilized inner membrane from mung bean mitochondria have provided preliminary reports on the polypeptide composition of complex I from plant mitochondria (7, 9) . Attempts to purify the internally facing NADH dehydrogenase(s) have been hampered by the high levels ofactivity of the externally facing dehydrogenase present in most plant mitochondria. The major problem arises when the enzymes are released from the inner membrane by solubilization with detergents; when this occurs, orientation, the most characteristic feature of these dehydrogenases, is lost.
In the present study, we have attempted to isolate and purify the dehydrogenase(s) oxidizing matrix NADH from mitochondria isolated from beetroot varieties, which do not possess the externally-facing NADH dehydrogenase (1 1). Therefore, any NADH dehydrogenase(s) isolated from the inner membrane should represent the internally facing enzymes.
An NADH-ubiquinone reductase activity was isolated and purified. It oxidized NADH in the presence ofvarious electron acceptors and was composed of numerous polypeptides. Although the solubilized enzyme was not sensitive to inhibition by rotenone, it was concluded that it represented a form of plant mitochondrial complex I as it (a) displayed kinetics similar to rotenone-sensitive NADH oxidation by beetroot SMP; (b) possessed a complex structure; and (c) cross-reacted with bovine heart complex I antisera. (28) . The purified mitochondria (25 mL containing 9-10 mg protein mL-') were sonicated for 5 x Proteins on the gel were detected by staining with 0.1% (w/ v) Coomassie brilliant blue in 40% (v/v) methanol and 20% (v/v) acetic acid and destained in 20% (v/v) methanol/7.5% (v/v) acetic acid or by silver staining (25) .
MATERIALS AND METHODS
Nondenaturing gels were stained for NADH dehydrogenase activity by immersion in a buffer containing 10 mM TeS, pH 7.0, 0.2 mM NADH, and 0.04% (w/v) nitro blue tetrazolium. If NADH was omitted from the stain solution, no bands were detected, indicating that this stain was specific for NADH dehydrogenase activity in these protein samples.
For immunological analysis of the purified enzyme complex, proteins were electrophoretically transferred from the gel to the nitrocellulose sheet using the horizontal semi-dry blot procedure with 20 mm Tris and 150 mM glycine for the cathodic transfer buffer and 20 mM Tris, 150 mM glycine, and 20% (v/v) methanol for the anodic transfer buffer. After the transfer, the filter was probed with antisera to bovine heart complex I following the procedure of Bers and Garfin (2) and binding was detected using the goat anti-rabbit alkaline phosphatase conjugate method.
RESULTS AND DISCUSSION
Purification of the NADH-Q Reductase NADH-Q reductase activity from the inner membrane of beetroot mitochondria was purified by a method similar to that used for Paracoccus denitrificans (29) . NADH-DQ and NADH-Ql reductase activities were taken as marker activities as it has been shown that these are indicative of both the rotenone-sensitive and rotenone-insensitive pathways in beetroot submitochondrial particles (27) . Intact beetroot mitochondria do not reduce Ql (data not shown), indicating that NADH-Q reductase activity is not characteristic of the outer membrane NADH dehydrogenase. Nevertheless, mitochondria were sonicated in an attempt to reduce any possible contamination of the outer membrane and matrix enzymes. Sonication removed a substantial amount of outer membrane enzyme activity (70% as indicated by the loss of antimycin A-insensitive NADH-Cyt c reductase activity) and over 90% of the matrix enzymes (as indicated by the loss of malate dehydrogenase activity, Table I ). The NADH-DQ reductase profile indicated that only 40% of the inner membrane activity was present in the pellet, but the Cyt oxidase profile indicated that the pellet contained over 70% of the inner membrane activity. The discrepancy is probably due to the release and subsequent removal of a diaphorase-type lipoamide reductase (part of both the pyruvate dehydrogenase and 2-oxoglutarate dehydrogenase complexes), as has been reported in bovine heart mitochondria (26).
Deoxycholate, previously used to solubilize NADH-Q1 reductase activity from bovine heart mitochondria (15), was found to be the most efficacious detergent for solubilizing this activity from beetroot mitochondrial inner membranes (a concentration of 0.6 mg DOC mg-' IMF protein resulted in 85-90% of the total NADH-DQ reductase activity being solubilized).
Elution of the DOC supernatant from the gel filtration column resulted in two peaks ofNADH-DQ reductase activity (Fig. 1) . The same elution profile was obtained for NADHFeCN reductase activity (data not shown). The first peak of NADH-DQ reductase activity, which eluted at the void volume, had a very high molecular mass (i.e. > 2 x 106 D) and displayed antimycin A-sensitive NADH-Cyt c reductase and NADH oxidase activities, suggesting the presence of membrane fragments. The second peak did not have NADH oxidase activity and presumably represented the solubilized enzyme.
The pooled fractions from the gel filtration step did not bind to the NAD-agarose column in the presence of high ionic strength buffer or if detergent was present. Therefore, the DOC was removed by dialysis prior to loading. Approximately 90% of the NADH-DQ reductase activity loaded on the column was bound and could be eluted by a NaCl gradient (Fig. 2) .
This procedure resulted in a 14-fold purification of the activity with a 23% yield (Table II) . The purified enzyme did not contain any succinate dehydrogenase, ubiquinol-Cyt c reductase, or Cyt oxidase activity (Table III) . A small amount of ATPase activity could be detected, but NADH-Ql reductase activity was enriched 14-fold over ATPase activity (Table  III) . Examination ofthe purified enzyme on a nondissociating polyacrylamide gel revealed one major band with the protein and NADH dehydrogenase activity stains (Fig. 3, tracks A  and B) . However, with the activity stain, multiple bands were observed above the major band that were not as clearly detectable with the protein stain. The bands were present The column was washed with 40 mL of affinity buffer (first arrow), eluted with a gradient of 0 to 200 mm NaCI in affinity buffer (second arrow), and then washed with 50 mL of 2 M NaCI in affinity buffer (third arrow). Absorbance was monitored at 280 nm (dotted line) and 4.5 mL fractions collected. NADH-DQ was assayed as described in "Materials and Methods" and represents the total activity in each fraction.
whether detergent was included in the gel or not and probably represent oligomeric forms of the major band. This is not the first report ofaggregation ofan NADH dehydrogenase. Analysis by analytical ultracentrifugation on sucrose density gradients has shown that the NADH dehydrogenase protein isolated from bovine heart mitochondria tends to aggregate (10) . Cook and Cammack (6) also observed multiple bands when their isolated external NADH dehydrogenase from Arum mitochondria was run on a nondenaturing gel. The aggregation may represent an artifact of electrophoresis of a hydrophobic membrane protein.
All bands that were detected with activity stain were found to cross-react with antisera raised against bovine heart com- plex I (Fig. 3, track C) . However, an additional minor band, not detected by either the protein or activity stain, was evident when the gel was probed with the complex I antisera. This minor band may correspond to the minor ATPase contamination (Table III) and is discussed later.
Enzymic Analyses
The isolated enzyme reduced various electron acceptors with NADH was the primary substrate (Table IV) . However, a low NADPH-Ql reductase activity was also detected together with a low rate of antimycin A-insensitive NADH-Cyt c reductase activity. As no antimycin A-sensitive NADH-Cyt c reductase activity (complex III) could be measured with the purified enzyme (Table III) , the latter activity must be due to a weak Cyt c reducing site being exposed when the enzyme is removed from its native lipid environment.
The NADH-Ql reductase activity of the isolated enzyme displayed saturation kinetics with respect to NADH, and the Km(NADH) was found to be 19 ,uM (Table V) , which is similar to the value determined for beetroot SMP NADH-Q reductase and NADH-oxygen activities in the absence of rotenone (23 and 24 ,uM, respectively) (27) . The Km(QI) was found to be 143 ,M, which is higher than that determined for bovine heart complex I (i.e. 40,M [17] ).
Inhibitor Studies
Although the NADH-Q reductase activity of the purified enzyme was not sensitive to rotenone (Table IV) , the enzyme was sensitive to inhibition by mercurial poisons. The NADH- QI and NADH-FeCN reductase activities of the isolated enzyme were only marginally inhibited by incubation with low concentrations of mersalyl (Table VI) . Complex I from bovine heart mitochondria can be isolated in two forms; as a large protein complex (type I) or as a subfraction, referred to as a type II form, which contains the flavoprotein polypeptide and two others. The lack of inhibition of the NADH-Ql reductase and NADH-FeCN reductase activities of the beetroot enzyme at 50 ILM mersalyl (Table VI) is consistent with a type I form, as this form is relatively insensitive to inhibition at low mersalyl concentrations, in contrast with the type II form (18) . Furthermore, the insensitivity of the beetroot enzyme to 50 gM mersalyl eliminates the possibility that the isolated enzyme represents the outer membrane NADH dehydrogenase, as this enzyme is extremely sensitive to low concentrations of mercurials (12) . As reported for both rotenone-sensitive and rotenone-insensitive NADH, oxidation by beetroot SMP (25 and 30% inhibition, respectively, by 4 mm NAD [28] ), the NADH-Ql reductase activity of the purified enzyme was also marginally inhibited by high levels of NAD (Table VI) .
Polypeptide Composition
As reported for complex I isolated from bovine heart and Neurospora mitochondria (5, 19) , the beetroot NADH-Q reductase was composed of numerous polypeptides (Fig. 4,  track A) . This is consistent with the high molecular mass of 0.4 x 106 D estimated for the isolated NADH-Q reductase (plus bound phospholipid and detergent) from gel filtration (S-400 column). The enzyme was composed of 14 major polypeptides and some minor polypeptides that may represent breakdown products (Fig. 4, track A) .
Immunological Characteristics of the Purified NADH-Q Reductase Complexes
From a protein blot of the nondenatured beetroot NADH-Q reductase, it was found that the isolated enzyme crossreacted with antisera raised against complex I isolated from bovine heart mitochondria (Fig. 3, track C) . All of the bands present in the purified enzyme suspension cross-reacted with the antisera. However, there was a single band present on the :i. 7.<.
as found here with the purified beetroot enzyme, particularly with respect to the absence of a cross-reaction with a 75 kD polypeptide. Bovine heart and Neurospora complex I both contain a polypeptide of around 75 kD molecular mass (5, 19) that was not present in the polypeptide profile or immunoblot of beetroot NADH-Q reductase. This polypeptide has been reported to be sensitive to proteolysis; however, the inclusion of a nonspecific protease inhibitor (PMSF) made no difference to the polypeptide composition (data not shown). Its absence from both the purified beetroot NADH-Q reductase and mung bean SMP (9) suggests that the 75 kD polypeptide may not be a component of plant complex I, although the possibility of it being lost during purification cannot be entirely dismissed.
The bovine heart antisera cross-reacted with a 91.5 kD polypeptide, which may represent the transhydrogenase polypeptide that has been shown to be present in bovine heart complex I preparations (16) . This activity has recently been detected in potato mitochondria (4) and found to be associated with a polypeptide of a similar size (100-1 15 kD) to the band observed with the beetroot NADH-Q reductase, suggesting that this enzyme may also be associated with complex I in plant mitochondria. Although the isolated enzyme oxidized NADPH at a slow rate (Table IV) , no transhydrogenase activity could be demonstrated. Figure 4 . Denaturing SDS-polyacrylamide gel analysis of purified beetroot NADH dehydrogenase complex. Denatured samples were electrophoresed on an SDS 12% gel as described in "Materials and Methods." The gel was cut and stained for (A) protein using silver stain (10 Ag of sample) and (B) were immunoblotted (20 Ag of sample) with bovine heart complex I antiserum. Apparent molecular masses (kD) of the major bands are indicated.
CONCLUSIONS
immunoblot that was not detected on the activity or the protein stain (Fig. 3) . This contaminant may be ATPase, as this activity was detected in the purified beetroot enzyme (Table III) and ATPase is known to be a contaminant of the bovine heart complex I preparations obtained using DOC (15) .
An immunoblot of the denatured beetroot NADH-Q reductase revealed that the anti-complex I antisera cross-reacted with eight polypeptides with molecular masses of 91.5, 55, 54, 51, 41.5, 37.5, and 30 kD (Fig. 4, track B) . Two of these polypeptides (37.5 and 30 kD) are only minor bands on the corresponding protein stain (Fig. 4, track A) . The 55 kD band may correspond to one of the large subunits of the plant mitochondrial ATPase (20) . The subunit with the molecular mass of 51 kD may correspond to the large subunit of the flavoprotein fragment of bovine heart complex I, which also has a molecular mass of 51 kD (14) . It is interesting to note that there was no cross-reactivity with the 33 kD polypeptide (Fig. 4) , which is the size of the rotenone-binding (13) and the N',N'-dicyclohexylcarbodiimide-binding (30) protein in mammalian complex I. Our preparation was insensitive to both of these inhibitors.
Immuno-cross-reactivity studies of anti-complex I antisera with solubilized mung bean SMP (9) produced similar results This is the first report of the isolation of an internally facing inner membrane NADH-Q reductase from plant mitochondria. Using mitochondria from these beetroot varieties excludes the possibility that the enzyme represents the externally facing rotenone-insensitive NADH dehydrogenase. However, as the isolated enzyme was not sensitive to rotenone, it needs to be established that it is not the internally facing rotenoneinsensitive NADH dehydrogenase that has been purified. The following observations suggest that the isolated beetroot NADH-Q reductase represents a form of the rotenone-sensitive or complex I enzyme of plant mitochondria:
(a) The absolute amount of activity extracted was more than the total rotenone-insensitive activity measured in the IMF. In beetroot SMP, the rotenone-insensitive NADH-Q1 reductase activity usually represented 30 to 40% of the total activity (27) . Detergent treatment extracted 80 to 90% of the total NADH-Ql reductase activity.
(b) The isolated enzyme cross-reacted with antisera raised against complex I purified from bovine heart mitochondria ( Fig. 3) .
(c) The kinetics and inhibitor responses are more like those expressed by the rotenone-sensitive complex I activity of beetroot SMP (27) than the corresponding rotenone-insensitive activity or a breakdown component of complex I containing the flavoprotein polypeptide (Tables V and VI) .
(d) The rotenone insensitivity of the NADH-Q reductase activity ofbeetroot IMF may be due to the detergent treatment used during the purification procedure because no rotenonesensitive NADH-Q reductase activity could be detected in any fraction discarded during the purification procedure.
Various other detergents, including cholate, octylglucoside, 3- [(3-cholamidopropyl)dimethylammonio]-l-propane, Triton X-100, digitonin, lauryldimethylamine oxide (LDAO), and zwittergent were also unsuccessful in extracting a rotenonesensitive NADH-Q reductase activity.
The loss of rotenone sensitivity upon the release of complex I from its lipid environment is not uncommon (1, 29) , and only one particular method results in the extraction of a rotenone-sensitive NADH-Q reductase activity from bovine heart mitochondria (15) . Complex I extracted from Neurospora crassa mitochondria is not sensitive to rotenone inhibition until it is reinserted into liposomes (19) . When the enzyme is in a soluble form in the presence of excess detergent, the NADH-Q reductase activity must be occurring at nonspecific sites of Q reduction that are rotenone-insensitive. Removal of the detergent and replacement into a lipid environment appears to overcome this effect. This situation may also be occurring in the isolated beetroot enzyme, and insertion into liposomes may help to further resolve the identity of this enzyme. Alternatively, the nature ofthe rotenone insensitivity of the isolated enzyme may result from Q reduction occurring at a rotenone-insensitive Q reduction site of complex I. Kinetic and inhibitor studies of beetroot SMP have suggested that rotenone-insensitive NADH oxidation need not occur via a separate NADH binding site, but that a separate Q reduction site may exist for rotenone-insensitive oxidation (27) . The lack of rotenone inhibition of the isolated enzyme may suggest that once the enzyme is removed from its lipid environment, Q reduction is occurring through this insensitive site. The extraction of only one type of NADH dehydrogenase from the inner membrane of beetroot mitochondria further suggests that rotenone-insensitive oxidation of matrix NADH does not occur via a separate dehydrogenase, but that it represents a unique property of complex I of plant mitochondria.
Complex I from Paracoccus has been shown to cross-react with bovine heart complex I antisera (29) , and the crossreactivity of the enzyme isolated from beetroot mitochondria further demonstrates the common ancestry of this mitochondrial enzyme among the different kingdoms. The similarity of the subunit complexity of the enzyme from beetroot, Neurospora (19) and bovine heart mitochondria (5), and Paracoccus membranes (29) appears to indicate that it is a feature ofthe enzyme from widely different species, suggesting that it may be an essential requirement for redox-linked proton translocation.
